1. Introduction {#sec1}
===============

Stainless steel and titanium are current metals used as bioinert and permeant Class-III implants for orthopaedic applications. Recently, bioactive or biodegradable metals have attracted great attention in research and development (R&D) of biomaterials for clinical applications \[[@bib1], [@bib2], [@bib3], [@bib4]\]. Our recent clinical work showed that the bone grafting fixation using biodegradable pure Mg screw was beneficial for successful fixation of bony flap used for treatment of osteonecrosis of the femoral head (ONFH) in patients with steroid-associated osteonecrosis (SAON) where bony flap displacement was avoided and local bone density was increased accompanied by Mg-screw degradation, partially explained by the biologic effects of degraded Mg ions, yet like many available related clinical studies the scientific or mechanistic evidence was lacking \[[@bib5]\].

SAON is a common orthopaedic disease occurring after pulsed/long term corticosteroids (CS) treatment for infectious diseases (such as severe acute respiratory syndrome, SARS) and rheumatoid diseases (such as rheumatoid arthritis, systemic lupus erythematosus, SLE) \[[@bib6], [@bib7], [@bib8]\]. The occurrence of SAON is highly associated with the dosage and duration usage of CS. The incidence of ONFH was 0.7%--33% with CS treatment \[[@bib9]\]. High dose of CS treatment for SLE even induced 44% SAON in the hips and knees \[[@bib10]\]. Osteonecrosis (ON) may subsequently progress to joint collapse and eventually require total joint replacement \[[@bib6],[@bib11]\]. So, it is highly desirable to study the pathogenesis of SAON and potential biomaterials established to attenuate SAON and promote the repair of SAON in early stage to prevent SAON induced joint collapse.

Excess CS treatment could directly increase apoptosis of osteoblasts and osteocytes \[[@bib12]\], decrease the activity and differentiation of osteoblast \[[@bib13]\], impair fat metabolism \[[@bib14]\] and angiogenesis that induces ischemia and eventually lead to SAON \[[@bib15]\]. Clinical evidences suggested that excess CS treatment in patients could induce lower serum magnesium (Mg) \[[@bib16]\]. Animal models and human studies revealed that Mg deficiency was associated with osteoporosis \[[@bib17]\], lipid metabolism \[[@bib18]\] and vascular damage \[[@bib19]\], which are correlated with the mechanisms of SAON. So, we hypothesized that Mg supplementation might alleviate Mg deficiency induced bone deterioration, disordered lipid metabolism and vascular damage and then attenuate SAON.

Besides, oxidative stress is also a high risk in SAON \[[@bib20]\]. In a rabbit model, oxidative injury was present in bone marrow shortly after CS administration and before the development of SAON \[[@bib21]\]. It was reported that the antioxidative substance vitamin E could prevent SAON due to its antioxidant property \[[@bib22]\]. Vitamin C (VC) is a more portent antioxidant than vitamin E that VC also has benefit effect on bone development and maintenance by promoting genes producing bone matrix in osteoblasts \[[@bib23]\]. VC supplementation may therefore attenuate SAON and promote the repair of SAON through its antioxidative effect and bone-anabolic effect.

Based on the multi-factors in the pathogenesis of SAON, combination treatment may be better than single treatment. Indeed, it was reported that combined use of an anticoagulant and a lipid-lowering agent prevented SAON more significantly than single use \[[@bib24]\]. We hypothesized that combination of Mg and VC treatment might exert better effect than single Mg or VC treatment. The established SAON rat model was used in this study \[[@bib25]\].

2. Materials and methods {#sec2}
========================

2.1. Clinical serum Mg data collection {#sec2.1}
--------------------------------------

The clinical serum Mg data for the study of osteonecrosis (ON) was approved by the Human Ethics Committee of the Affiliated Zhongshan Hospital of Dalian University, Dalian, China. The clinical serum Mg data were collected from 35 ON patients: 18 SAON patients with CS used before, 7 SAON patients being treated with CS and 10 other ON patents. All patients gave informed consent to participate before data collection.

2.2. Study I. *In vitro* study {#sec2.2}
------------------------------

### 2.2.1. Culture of cell lines {#sec2.2.1}

MC3T3-E1 murine pre-osteoblast cell line (Subclone 14, CRL-259, ATCC, Manassas, VA, United States) was cultured in ascorbic acid free α-MEM (A10490, Gibco™, Thermo Fisher Scientific) containing 10% FBS, 1% PSN at 37 °C in a humidified atmosphere with 5% CO~2~.

RAW264.7 murine macrophages (TIB-71, ATCC) were cultured in ascorbic acid free α-MEM (A10490, Gibco™, Thermo Fisher Scientific) containing 10% FBS, 1% PSN at 37 °C in a humidified atmosphere with 5% CO~2~.

The human umbilical vein cell line EA.hy926 (CRL-2922™, ATCC) was cultured in Dulbecco\'s Modified Eagle\'s Medium (DMEM) without Calcium(Ca)/Mg (SH30262.01, HYCLONE, USA) with 1.8 mM CaCl~2~ and 0.8 mM MgCl~2~ added and containing 10% FBS, 1% PSN at 37 °C in a humidified atmosphere with 5% CO~2~.

Human umbilical vein endothelial cells (HUVEC, ATCC Number: PCS-100-013, VA, USA) were cultured in ECM medium containing 5% FBS, ECGS, 100 U/ml of penicillin and streptomycin (ScienCellResearch Laboratories San Diego, California, USA) at 37 °C in a 5% CO~2~. HUVECs were passaged by using 0.25% trypsin, and passages 5--6 were used in all experiments. The medium was changed every other day until the cells became confluent.

### 2.2.2. Cell viability assay {#sec2.2.2}

Tetrazolium (MTT) method and Live/Dead staining were performed to evaluate the effect of Mg and VC on the viability of MC3T3-E1 cells. For MTT test, the cells were seeded onto 96-well plates at a density of 2 × 10^3^ cells/well. After overnight incubation, the cells were treated with different concentrations of methylprednisolone (MPS) or lipopolysaccharide (LPS) with/without Mg and VC supplemented for 24 h. Then cells were incubated with 50  μl (1 mg/ml) MTT solution at 37 °C in dark for 4 h. After discarding the MTT solution, 50  μl DMSO was added to each well, and the absorbance at 575 nm was detected. For Live/Dead staining, the cells were seeded onto 4-well chamber slides at a density of 1 × 10^4^ cells/well. After overnight incubation, the cells were treated with different concentrations of MPS with/without Mg and VC supplemented for 24 h. Then cells were stained with live/dead cell imaging kit (488/570) (R37601, Invitrogen) and analyzed under a fluorescence microscope (Leica DM5500; Leica Micro-systems, Wetzlar, Germany).

### 2.2.3. *In vitro* osteoblast differentiation {#sec2.2.3}

At confluence, MC3T3-E1 were treated with/without 50 mg/L vitamin C, 10 mM of β-glycerophosphate, 100 ng/ml LPS, 1 μM of MPS, and different concentration of Mg ion. Alkaline phosphatase (ALP) activity was measured using ALP assay Kit (Biosystems, Barcelona, Spain), normalized by total protein concentrations of cell lysates which were determined biochemically using the Bradford protein assay kit (BioRad, USA). Cell mineralization was investigated by calcium nodules staining using alizarin red S.

### 2.2.4. *In vitro* osteoclastogenesis assay {#sec2.2.4}

To induce osteoclasts, RAW264.7 cells (5000 cells/cm^2^) were cultured in the presence of receptor activator of nuclear factor kappa-Β ligand (RANKL, 20 ng/ml), Mg (0 or 10 mM) and VC (0 or 50 μg/ml) for 4 days. Then quantitative real-time PCR (qRT-PCR) analysis and tartrate-resistant acid phosphatase (TRAP) staining (cat\# 387, sigma) were conducted. TRAP-positive multinucleated cells with more than three nuclei were counted as osteoclasts under a light microscope. To further study the Mg effect on osteoclastogenesis induced by LPS or RANKL, RAW264.7 cells (5000 cells/cm^2^) were cultured with LPS (100 ng/ml) or RANKL (20 ng/ml) plus Mg (0 or 10 mM) for 4 days for TRAP staining and qRT-PCR, and for 6 days for bone resorption function testing with the medium changed every 3 days. Osteo Assay Surface 24-well Multiple Well Plate (Corning, Product Number 3987) was used for testing the resorption function with pit formation assay. After cell culture for 6 days, the cells on the plate were lysed by 4% NaClO and the plate was washed with deionized water. The pit area in each plate was imaged (Leica DM5500; Leica Micro-systems, Wetzlar, Germany) and analyzed by ImageJ (version 1.51, Wayne Rasband, National Institute of Heath, USA).

### 2.2.5. Western blot (WB) analysis for cytoplasmic and nuclear proteins expression {#sec2.2.5}

RAW264.7 cells were grown in 100 mm dish to 50% confluency and then treated with LPS (100 ng/ml) or RANKL (20 ng/ml) with or without Mg (10 mM). After 30 min treatment, the cytoplasmic and nuclear proteins were extracted using Nuclear Extraction Kit (ab221978, abcam). The protein concentrations of cytosol and nuclear fractions were determined by Pierce™ BCA Protein Assay Kit (Catalog number: 23227, Thermo Scientific). 10 μg/lane proteins were electrophoresed on SDS-PAGE gels and transferred to nitrocellulose membranes. Then the membranes were blocked with 5% BSA in tris-buffered saline with Tween 20 (TBST) for 2 h and incubated with primary antibody overnight at 4 °C. The membranes were washed with TBST and incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature and then washed with TBST. Then the primary antibody binding was visualized using Pierce™ ECL Western Blotting Substrate (Catalog number: 32106, Thermo Scientific) and quantified with ImageJ (version 1.51, Wayne Rasband, National Institute of Heath, USA).

### 2.2.6. Fluorescence imaging of intracellular calcium (Ca) ions {#sec2.2.6}

Intracellular Ca ions images were acquired using fluorescent microscopy \[[@bib26]\]. RAW264.7 cells were grown on 25 mm diameter glass coverslips at a density of 1 × 10^4^/cm^2^ 24 h before testing. After washed three times with Mg free Margo solution (130 mM NaCl, 5 mM KCl, 2.5 mM CaCl~2~, 20 mM HEPES (N-2-hydroxyethylpiperazine-N′-2-ethanesulphonic acid) and 10 mM glucose, pH = 7.4), the cells were incubated in the Margo solution with 2  μM Ca-Fura-2 (Molecular Probe, Invitrogen, California, USA) and 1  μM Pluronic F-127 (Life Technologies, USA) for 30 min at 37 °C in a humidified atmosphere to load the Ca^2+^ probe. After washed three times with Margo solution and kept at 37 °C in the dark for another 30 min in Margo solution, the cells were ready for imaging. LPS (100 ng/ml), RANKL (50 ng/ml) and MgCl~2~ (10 mM) were separately added to cell chamber for acquisition the intensity of intracellular fluorescence over time. Ca^2+^ free solution was used as control to find if intracellular Ca^2+^ changes with extracellular LPS or RANKL treatment. NMDG (*N*-methyl-[d]{.smallcaps}-glucamine) chloride (NMDG-Cl) was used as chloride control because we use MgCl~2~ as the Mg source. Fluorescence with a dual excitation at 340 and 380 nm for emission collection at 510 nm was captured using the fluorescence microscope (Nikon Eclipse Ti, Japan) equipped with a CCD camera (Spot Xplorer, USA) and a Fluor 20× objective lens (0.75 NA, Nikon, Japan). Fluorescence intensity at 340 nm reflects intracellular Ca^2+^ probes combined with Ca ion, and intensity at 380 nm reflects the intracellular free Ca^2+^ probes. ΔF/F0 was used to present the change of fluorescence intensity ratio. ΔF equals the maximal fluorescence intensity ratio subtract the initial fluorescence intensity ratio and F0 equals the initial fluorescence intensity ratio.

### 2.2.7. *In vitro* angiogenesis assay {#sec2.2.7}

Migration of EA.hy926 was tested by scratch-wound healing assay. When cells became confluent monolayer, a denuded area was created. Then cells were treated with different concentrations of Mg ions. Mg free medium with normal calcium (1.8 mM) was used as control. Images of the denuded area were taken at time zero and 6 h later. The migration is calculated by the travel rate of EA.hy926 \[[@bib27]\].

Tube formation of EA.hy926 was performed using Matrigel Basement Membrane Matrix (\#354234, Corning). Cells starved in serum free medium overnight and throughout the rest of the experiment. Matrigel was 1:1 diluted with serum free medium and 200  μl Matrigel mixture was coated into each well of 24 well plates. The plate was put in 37 °C incubator for 30 min for gelation. Cell suspension (with 7 × 10^4^ cells in 200  μl) was seeded onto each well coated with Matrigel. Matrigel cultures were incubated at 37 °C for 6 h. Tube formation was imaged using an inverted phase contrast microscope and analyzed by ImageJ with the Angiogenesis Analyzer plugin \[[@bib28]\].

### 2.2.8. Endothelial cell permeability assay {#sec2.2.8}

The permeability of *in vitro* blood vessel monolayer was determined by using Transwell (12 mm in diameter, 0.4 μm pore polycarbonate membrane, Corning Inc., Corning, NJ) and Fluorescein isothiocyanate (FITC)-labeled dextran (70 kDa, Invitrogen) \[[@bib29]\]. HUVECs were seeded in the upper chamber for 3 days to establish monolayer. The upper and lower chambers were replaced with serum free medium for 2 h. Then LPS (100 ng/ml)/Mg (10 mM) was added in the upper chamber for 4 h. Then the medium of upper chamber was replaced with 500 μl FITC--Dextran (1 mg/ml). The lower chamber containing 1500 μl serum free medium was collected 30 min later. The fluorescence intensity of each sample was determined by a multi-label reader (VICTOR X4, PerkinElmer) at 485/535 nm.

### 2.2.9. Immunofluorescence (IF) staining {#sec2.2.9}

To study the endothelia cell monolayer, cobblestone pattern of the tight junction, zonula occludens (ZO-1) was stained with *anti*-ZO-1 (ZO1-1A12, Invitrogen) conjugated with Alexa Fluor 488, \#339188). The localization of NF-kB was stained with the *anti*--NF--kB p65 antibody (ab16502, abcam).

2.3. Study II. *In vivo* study {#sec2.3}
------------------------------

### 2.3.1. Experimental animals, grouping and treatment {#sec2.3.1}

The experimental protocols (Ref No. 17-087-MIS) was reviewed and approved by Animal Experimental Ethics Committee of the Chinese University of Hong Kong. Both the *Guide for the Care and Use of Laboratory Animal* (1996) \[[@bib30]\] and the ARRIVE (Animals in Research: Reporting *In Vivo* Experiments) guidelines \[[@bib31]\] were followed.

Eighty 24-week-old male Sprague-Dawley rats (body weight 500--550 g) were housed in a temperature-controlled room (25 °C) under a 12/12 h reversed day/night cycle and received food and water *ad libitum*.

Sixty-four Rats were used to induce steroid-associated osteonecrosis (SAON) with sequential injections of lipopolysaccharide (LPS) and methylprednisolone (MPS) \[[@bib25]\]. At day 1, under anesthesia with 90 mg/kg ketamine and 10 mg/kg xylazine (i.p.), the rats were intravenously injected with 0.2 mg/kg LPS (*Escherichia coli* O111:B4; Sigma-Aldrich, St. Louis, MO, USA) via tail vein steadily with slow rate (the injection time was over 30 min). From day 2, rats were intraperitoneally injected three injections of 100 mg/kg MPS (Pfizer Manufacturing Belgium NV) for three continuous days. From week 2, intraperitoneally injections of 40 mg/kg MPS were given three times a week until sacrificed by injecting overdose of pentobarbital.

The SAON induced rats were randomly divided into four groups: Mg supplementation group (Mg group), VC supplementation group (VC group), Combination supplementation group (Mg + VC group) and control group (SAON group). From the first day of MPS injection, Mg sulfate (Sigma-Aldrich) solution (providing 50 mg/kg/day Mg ion), sodium ascorbate (Sigma-Aldrich) solution (providing 100 mg/kg/day vitamin C) and combine solution (providing 50 mg/kg/day Mg ion and 100 mg/kg/day vitamin C) were prepared daily with fresh drinking water and orally administrated to the rats. The dosages were calculated based on clinical trials on Mg supplementation in diseases with Mg deficiency: about 500 mg/day \[[@bib32],[@bib33]\], and the recommended VC dosage 1000 mg/day for treatment of clinical diseases \[[@bib34]\]. For the SAON control group, drinking water without supplementation were orally administrated. Sixteen rats without treatment were used as normal controls (n = 8/time point). At 2 and 6 weeks after induction, before sacrificed, serum was collected. Micro-fil perfusion was performed for angiography. Bilateral femora and bilateral tibiae were collected for micro-CT and histological examinations.

### 2.3.2. Micro-CT based angiography {#sec2.3.2}

Perfusion: Under anesthesia with i.v. injection of 2.5% pentobarbital, the abdomen cavity of the rat was opened and abdominal aorta was exposed for perfusion with Microfil® (MV-122, Flow Tech; Carver, MA, USA) using established protocol (n = 4/group) \[[@bib35], [@bib36], [@bib37]\]. Then the rats were sacrificed and stored at 4 °C overnight to allow complete polymerization of the perfused Microfil.

Micro-angiography: After fully decalcification with 10% EDTA (pH7.4), the tibiae were scanned using a μCT-40 (Scanco Medical, Brüttisellen, Switzerland) imaging system. For proximal tibia, a 3 mm thick, 3 mm in diameter and 2 mm apart from the growth plate cylinder was used as ROI; and for distal tibia, the 3 mm thick whole bone marrow region from distal end was used as ROI. The Gaussian filter with Sigma = 1.2, Support = 2 and threshold = 120 HU was used to reconstruct 3D angiographic architecture \[[@bib38]\]. A histogram was generated to display the thickness of the perfused Microfil \[[@bib36],[@bib38]\].

### 2.3.3. Micro-CT based trabecular architecture {#sec2.3.3}

To determine the trabecular architecture, the tibiae from each group (at week 6) were fixed in buffered formalin and then scanned using a μCT-40 (Scanco Medical, Brüttisellen, Switzerland) imaging system. The trabecular bone with thickness of 2 mm and 2 mm from the growth plate was used as ROI. The spatial resolution is 15 μm. A low-pass Gaussian filter Sigma = 0.8, Support = 1, and threshold = 220 HU was used to reconstruct 3D mineralized tissue architecture \[[@bib39]\]. The bone mineral density (BMD), bone tissue volume fraction (BV/TV), structure model index (SMI), connective density (Conn. D.), trabecular number (Tb. N), trabecular thickness (Tb. Th), and trabecular separation (Tb. Sp) were quantified \[[@bib40]\].

### 2.3.4. Serum markers measurement {#sec2.3.4}

Serum were collected before euthanasia and stored at **-**80**°**C. Bone formation marker amino-terminal propeptide of type I collagen (PINP) and bone resorption marker carboxy-terminal telopeptide (CTX) were assayed using enzyme-linked immunosorbent assay (ELISA) kits (IDS Ltd., Boldon, UK). Serum Mg was assayed using Mg LiquiColor® kit (Stanbio Laboratory, Texas, USA) and serum vitamin C was assayed using Ascorbic Acid Assay Kit II (MAK075, Sigma-Aldrich) according to the company instructions. Serum TNFα were quantified using TNF alpha Rat ELISA Kit (BMS622, Invitrogen).

### 2.3.5. Histological and histomorphometry analysis {#sec2.3.5}

The proximal and distal femora, proximal and distal tibiae were decalcified by 10% EDTA (pH7.4), embedded in paraffin and cut into 5-μm-thick sections along the coronal plane using our established protocol \[[@bib25],[@bib41]\]. Sections were stained with H&E. Tartrate-resistant acid phosphatase (TRAP) staining (Sigma Diagnostics, Missouri, USA) was performed for counting osteoclast. Proximal femora samples (at week 2) were stained with terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) for apoptosis detection (\#11684795910 Roche Applied Science, Rotkreus, Switzerland). The DNA oxidative damage marker 8-Hydroxy-2′-deoxyguanosine (8-oxo-dG) in bone marrow was tested by immunohistochemistry (IHC) with Anti-8-Hydroxy-2′-deoxyguanosine antibody \[N45.1\] (ab48508, abcam). CD31 was stained as vascular marker in sinusoids and capillaries in bone marrow with anti-CD31 antibody \[TLD-3A12\] (ab64543, abcam). TNFα was stained as local inflammation marker in bone marrow with *anti*-TNF alpha antibody (ab6671, abcam). To verify the CS effect on IGF-1 expression *in vivo*, IGF-1 was staining in bone marrow with *anti*-IGF-1 antibody (ab40657, abcam). The IHC staining was quantified by staining intensity/stained area using ImageJ (version 1.51, Wayne Rasband, National Institute of Heath, USA).

Histological images were digitalized with a microscopic imaging system (Leica DM5500; Leica Micro-systems, Wetzlar, Germany). The presence of ON was examined with the established criteria, i.e. diffused presence of empty lacunae or pyknotic nuclei of osteocytes in trabecular bone accompanied by surrounding necrotic bone marrow \[[@bib25]\]. The rat with at least one ON lesion in proximal femur, distal femur, proximal tibia or distal tibia was considered as ON+ rat, while that with no ON lesion was considered as ON- rat. Histomorphometric analysis was carried out on the metaphysis of proximal tibia in a 2 mm width area 2 mm below the growth plate using OsteoMeasure Histomorphometry System (Osteometrics, Atlanta, GA, USA) according to a standard histomorphometry protocol \[[@bib42]\].

### 2.3.6. *Ex vivo* cell culture experiments {#sec2.3.6}

#### 2.3.6.1. Primary bone mesenchymal stem cells (BMSCs) isolation and osteoblastic differentiation {#sec2.3.6.1}

Given trabecular osteoblasts were differentiated from BMSCs, we cultured BMSCs of rats from every group to compare the osteoblastic differentiation potentials among groups (n = 4 rats/group). Briefly, just after the euthanasia, bone marrow from bilateral femora of each rat was obtained and cultured in α-MEM (12571, Gibco™, Thermo Fisher Scientific) with 10% fetal bovine serum (FBS), 1% Penicillin-Streptomycin-Neomycin (PSN) Antibiotic Mixture (15640055, Gibco™, Thermo Fisher Scientific), at 37 °C containing 5% CO~2~ for 3 days. Cells were washed and passaged into 6-well plates (100000 cells/well) for 2 days and then differentiated in osteogenic induction medium with 10 nM Dexamethasone, 50 mg/L VC, and 5 mM β-Glycerophosphate.

#### 2.3.6.2. Primary bone marrow-derived macrophages (BMMs) isolation and osteoclastic differentiation {#sec2.3.6.2}

BMMs of rats from each group were cultured (n = 4 rats/group). Briefly, just after the euthanasia, bone marrow from bilateral femora of each rat was obtained and cultured in α-MEM (12571, Gibco™, Thermo Fisher Scientific) with 10% FBS, 1% PSN Antibiotic Mixture (15640055, Gibco™, Thermo Fisher Scientific) at 37 °C containing 5% CO~2~ for 4 h. Un-adherent cells were transferred and cultured in α-MEM with 20 ng/ml macrophage colony-stimulating factor (M-CSF) for 48 h. Then Cells were passaged to 24-well-plate (200000/well) with 20 ng/ml M-CSF and 20 ng/ml RANKL for 72 h for osteoclastic differentiation. For quantification of osteoclasts, TRAP positive large multinucleated cells (at least three nuclei) were counted (8 microscope images were counted for each cell well and 3 wells were cultured for each animal).

2.4. Quantitative real-time PCR (qRT-PCR) analysis {#sec2.4}
--------------------------------------------------

Total RNA was isolated with RNeasy Mini Kit (Qiagen, USA). Then cDNA was got from reverse transcription using the PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa). The primer sequences (Tech Dragon Ltd.) are listed in [Table S1](#appsec1){ref-type="sec"}. qRT-PCR was performed using SYBR® Premix Ex Taq™ (Tli RNaseH Plus, TaKaRa) and further processed using a QuantStudio™ 12 K Flex Real-Time PCR system (Life Technologies, Thermo Fisher Scientific). Relative expression was calculated using the 2^-ΔΔCT^ method by normalizing with house-keeping gene GAPDH.

2.5. Statistical analysis {#sec2.5}
-------------------------

The incidence of ON in every group was defined as the number of ON+ animals divided by the total animal number and analyzed with Chi-square test. All numeric data were expressed as mean ± SD with one-way ANOVA (for comparison of normal control and other SAON treatment groups), or two-way ANOVA (for analysis of Mg/VC treatment), or three-way ANOVA (for comparison of Mg/VC treatment at different time-points) followed by *post-hoc* Bonferroni\'s multiple comparisons tests to assess statistical significance. Correlation of clinical serum Mg level and duration of CS therapy was analyzed by Pearson\'s correlation. Statistical analysis was performed using SPSS 17.0 software (Chicago, IL, USA). *p* \< 0.05 was considered significant.

3. Results {#sec3}
==========

3.1. Mg and VC protect MC3T3-E1 osteoblast cell viability affected by MPS/LPS {#sec3.1}
-----------------------------------------------------------------------------

Live/Dead cell staining and MTT assay correspondingly showed that high dose of MPS (0.625, 1.25 and 2.5 mg/ml, i.e., 1.25, 2.5, 5 mM) inhibited MC3T3-E1 osteoblast cell viability in a dose-dependent manner. Mg and VC supplementation could protect osteoblast cell viability affected by MPS *in vitro* ([Fig. 1](#fig1){ref-type="fig"} A and B). MTT assay and three-way ANOVA showed that LPS could decrease MC3T3-E1 osteoblast cell viability, while unlike MPS, even high dose of LPS (1000  μg/ml) could not induce cell death after 24 h treatment. Mg could protect osteoblast cell viability affected by LPS *in vitro* ([Fig. 1](#fig1){ref-type="fig"}C).Fig. 1Effect of Mg and VC on osteoblast cell line MC3T3-E1. (A) Representative live/dead cell staining images. (B) and (C) MTT cell viability assays. (\*\**p* \< 0.01, n = 8). (D) ALP activity and calcium nodules staining showed the effect of Mg and VC on osteoblast differentiation affected by MPS. (E) VC and Mg effect on ALP activity and calcium deposition affected by LPS. (F) qPCR results about SP7, Runx2, OPN, OCN and IGF-1 mRNA expression 24 h after LPS/MPS treatment. (G) IF staining showed anti-inflammation effect of Mg on LPS treated MC3T3-E1. (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\*\**p* \< 0.0001, n = 4).Fig. 1

3.2. VC is essential for Mg to promote osteoblast differentiation affected by MPS/LPS {#sec3.2}
-------------------------------------------------------------------------------------

Calcium Nodules staining showed that the MC3T3-E1 osteoblast cell line could not differentiate to have calcium deposition function without VC supplementation. Mg alone at 10 mM concentration could increase ALP activity 3 days after treatment with statistically significance (*p* \< 0.01), while the relative ALP activity was still at low level, i.e., 17% of positive control when compared to that with VC treatment. However, without VC treatment, Mg could not induce calcium deposition. VC supplementation significantly increased the ALP activity. In the VC supplementation condition, 1  μM MPS inhibited ALP activity and calcium deposition, and Mg promoted ALP activity and calcium deposition affected by MPS in a dose dependent manner ([Fig. 1](#fig1){ref-type="fig"}D). In the VC supplementation condition, 100 ng/ml LPS significantly inhibited ALP activity and calcium deposition, and Mg promoted ALP activity and calcium deposition affected by LPS ([Fig. 1](#fig1){ref-type="fig"}E). Realtime qPCR results showed that 24 h after LPS/MPS treatment, the osteoblast differentiation marker genes SP7, Runx2, OPN and OCN were significantly inhibited, and IGF-1 mRNA expression was significantly inhibited, while Mg supplementation promoted the expression of those genes ([Fig. 1](#fig1){ref-type="fig"}F). IF staining showed that nuclear translocation of NF-κB p65 was observed in MC3T3-E1 cells 24 h after LPS stimulation, and Mg treatment decrease the portion of nuclear translocation of active NF-κB p65 ([Fig. 1](#fig1){ref-type="fig"}G).

3.3. Mg inhibits osteoclast differentiation in the RAW264.7 cell line and regulates Ca signal {#sec3.3}
---------------------------------------------------------------------------------------------

TRAP staining showed that with RANKL treatment, the RAW264.7 cell line differentiated to TRAP-positive multinucleated osteoclasts. VC treatment significantly promoted the number of formed osteoclasts and the mRNA expression of osteoclast marker gene Cathepsin K. Mg treatment significantly reduced the number of RANKL-induced osteoclasts and the Cathepsin K mRNA expression ([Fig. 2](#fig2){ref-type="fig"} A).Fig. 2Effect of Mg and VC on osteoclast cell line. (A) Quantitative of TRAP staining showed differentiated osteoclast number in Mg and VC treated groups, and qPCR showed Cathepsin K mRNA expression in each group. (\*\**p* \< 0.01, n = 4). (B) Quantitative of TRAP staining showed the inhibiting effect of Mg on differentiated osteoclast number at both LPS and RANKL induced conditions, and qPCR showed the inhibiting effect of Mg on NFATc1 and Cathepsin K mRNA expression at both LPS and RANKL induced conditions. (\**p* \< 0.05, \*\**p* \< 0.01, n = 4). (C) Pit formation assay showed the inhibiting effect of Mg on the function of osteoclasts at both LPS and RANKL induced conditions. (\*\**p* \< 0.01, n = 4). (D) IF staining and WB showed the inhibiting effect of Mg on NF-κB p65 nuclear translocation at both LPS and RANKL induced conditions. (\**p* \< 0.05, n = 4).Fig. 2

To further verify the Mg inhibiting effect on osteoclast differentiation and function, two kinds of osteoclastogenesis inducers LPS and RANKL were used. Mg could significantly reduce the number of LPS-induced osteoclasts and RANKL-induced osteoclasts and the NFATc1 (nuclear factor of activated T cells c1) and Cathepsin K mRNA expression after 4 days' treatment ([Fig. 2](#fig2){ref-type="fig"}B). Mg could significantly reduce the functional resorption pit area induced by both LPS and RANKL after 6 days treatment ([Fig. 2](#fig2){ref-type="fig"}C). IF staining and WB consistently showed that the NF-κB p65 nuclear translocation was decreased by Mg treatment at both LPS and RANKL induced conditions after 30 min treatment ([Fig. 2](#fig2){ref-type="fig"}D). To exam if Mg could regulate changes in LPS and RANKL induce Ca^2+^ response, we performed live cell Ca^2+^ imaging on cultured RAW264.7 cell line. Both LPS and RANKL could instantly increase intracellular Ca^2+^ concentration. When added Mg, the increased intracellular Ca^2+^ concentration induced by LPS/RANKL was decreased instantly. There was no intracellular Ca^2+^ response induced by LPS/RANKL when the cells were incubated in Ca^2+^ free medium. NMDG-Cl pretreatment had no effect on LPS/RANKL induced intracellular Ca^2+^ response, while MgCl~2~ pretreatment could significantly inhibit LPS/RANKL induced intracellular Ca^2+^ response ([Fig. 3](#fig3){ref-type="fig"} A and B).Fig. 3Mg inhibits osteoclast differentiation through regulating Ca signal. (A) Mg blocks LPS-induced intracellular Ca^2+^ increase in RAW264.7 cells. A1-A2) Representative Fura-2 fluorescence images (A1) and corresponding time-course traces (A2) of intracellular Ca^2+^ measurement in RAW264.7 cells before (a) and after adding LPS (100 ng/ml, b) and subsequently MgCl~2~ (10 mM, c) into a normal bath solution. White bar, 30 μm. Pseudo-colors from purple/blue to red indicate Fura-2340/380 nm ratio from low to high. A3-A5) Representative time-course traces of cells pretreated with Ca^2+^-free (A3), MgCl~2~ (10 mM, A4), or NMDG-Cl (20 mM, a non-permeable cation control, A5) before the addition of LPS. A6) Summary of LPS-induced intracellular Ca^2+^ change in RAW264.7 cells under different conditions. (B) Mg blocks RANKL-induced intracellular Ca^2+^ increase in RAW264.7 cells. B1--B2) Representative Fura-2 fluorescence images (B1) and corresponding time-course traces (B2) of intracellular Ca^2+^ measurement in RAW264.7 cells before (a) and after adding RANKL (50 ng/ml, b) and subsequently MgCl~2~ (10 mM, c) into a normal bath solution. White bar, 30 μm. Pseudo-colors from purple/blue to red indicate Fura-2340/380 nm ratio from low to high. B3--B5) Representative time-course traces of cells pretreated with Ca^2+^-free (B3), MgCl~2~ (10 mM, B4), or NMDG-Cl (20 mM, a non-permeable cation control, B5) before the addition of RANKL. B6) Summary of RANKL-induced intracellular Ca^2+^ change in RAW264.7 cells under different conditions. \*\*\**p* \< 0.001 by *t*-test; n is shown for each group. (C) Illustration of the pathway of Mg in inhibiting LPS/RANKL induced osteoclast differentiation.Fig. 3

3.4. Serum Mg of ON patients {#sec3.4}
----------------------------

In our clinical Mg investigation, the two hypomagnesaemia cases with serum Mg levels \<0.76 mmol/L were both from the group of SAON patients being treated with CS (taken up 28.6% (2/7) cases), while the serum Mg levels of patients in other groups were all above 0.80 mmol/L. Statistical analysis showed significantly lower serum Mg in SAON patients being treated with CS when compared to those with CS used before and other ON patients, and there was a significant negative correlation found between serum Mg and the duration of CS therapy. ([Fig. S1](#appsec1){ref-type="sec"}).

3.5. Mg/VC supplementation increases serum Mg/VC {#sec3.5}
------------------------------------------------

Serum Mg of SAON group was significantly lower at week 2 and 6 than normal, while Mg supplementation significantly increased the serum Mg level to normal level. Serum VC in SAON group was significantly lower than normal at week 2, while VC supplementation significantly increased the serum VC level at both week 2 and 6 when compared to SAON group ([Fig. S2](#appsec1){ref-type="sec"}).

3.6. Effect of Mg and VC on SAON *in vivo* {#sec3.6}
------------------------------------------

SAON was identified by histological evaluation. All the SAON model rats developed ON at 2 weeks after induction, indicated by the empty lacunae in trabecular bone or pyknotic nucleus of osteocytes with 100% incidence of SAON (8/8). Mg, VC or their combination could not fully prevent the incidence of SAON at 2 weeks after induction (7/8 for Mg, 7/8 for VC, and 6/8 for combination). The incidence of SAON decreased at 6 weeks after induction. VC and combination could significantly decrease the incidence SAON 6 weeks after induction ([Fig. 4](#fig4){ref-type="fig"} A and B).Fig. 4Effect of Mg and VC on prevention of SAON and suppress the apoptosis of osteocytes. (A) Representative H&E staining images showed ON, indicated by the empty lacunae (black arrow) in trabecular bone or pyknotic nucleus of osteocytes (blue arrow). (B) The incidence of SAON in each group. All the SAON model rats developed ON at 2 weeks after induction. The incidence of SAON decreased at 6 weeks after induction, suggested progressive repair after week 2. VC further significantly decreased the incidence SAON at 6 weeks after induction. (\**p* \< 0.05, \*\**p* \< 0.01; Chi-square test, n = 8; osteonecrosis+: with osteonecrosis detected by histology; Osteonecrosis-: without osteonecrosis detected by histology) (C) Representative TUNEL staining images showed apoptosis of osteocytes. (D) Apoptosis rate indicated by percentage of TUNEL-positive osteocytes. (\**p* \< 0.05, \*\**p* \< 0.01; one-way ANOVA; aa: *p* \< 0.01, for Mg factor; bb: *p* \< 0.01, for VC factor, two-way ANOVA; n = 8).Fig. 4

3.7. Mg and VC suppress the apoptosis of osteocytes {#sec3.7}
---------------------------------------------------

Quantitative analysis of TUNEL staining images showed that the rate of apoptosis of osteocytes at femoral head in SAON model group 2 weeks after SAON induction was significantly higher than that of normal control group (SAON: 52.9% vs. Normal: 3.8%). The apoptotic rate of osteocytes was significantly reduced to 31.4% in Mg group, 37.8% in VC group, and 17.8% in combination group. Two-way ANOVA showed that both Mg and VC could significantly decrease the rate of apoptosis of osteocytes 2 weeks after SAON induction and there was no interaction between Mg and VC in suppressing the apoptosis of osteocytes ([Fig. 4](#fig4){ref-type="fig"}C and D).

3.8. Effect of Mg and VC on bone metabolism *in vivo* {#sec3.8}
-----------------------------------------------------

Histomorphometry on week 2 samples showed significantly higher osteoclast number in SAON group when compare to normal group; lower osteoclast number in Mg/VC/combine group when compare to SAON group, and the lowest was in combine treatment group. The osteoblast surface (Ob. S/BS) in SAON group was significantly lower when compare to normal group; and both Mg and VC could significantly increase the osteoblast surface. There was significantly higher marrow fat area fraction in SAON group, and Mg could significantly decrease bone marrow fat area fraction ([Fig. 5](#fig5){ref-type="fig"} A and B). For bone turnover markers, the bone formation marker serum PINP in SAON group were significantly lower at both week 2 and week 6 than those in normal group; VC could significantly increase the serum PINP at both week 2 and week 6. The bone resorption marker serum CTX in combine treatment group was significantly lower at week 2 than that in SAON group at the same time point ([Fig. 5](#fig5){ref-type="fig"}C and D). Trabecular architecture of proximal tibia 6 weeks after SAON induction was analyzed using micro-CT. The bone mineral density (BMD), bone volume fraction (BV/TV), connective density (Conn.D.), and trabecular number (Tb. N) of SAON group were all significantly lower and the trabecular separation (Tb.Sp) of SAON group was significantly higher than that in the normal group. Two-way ANOVA showed that Mg could significantly increase BMD and VC could significantly increase BMD and recover trabecular architecture in this SAON model ([Fig. 5](#fig5){ref-type="fig"}E).Fig. 5Effect of Mg and VC on bone metabolism *in vivo*. (A) Representative TRAP staining images showed osteoclasts (red arrow). (B) Histomorphometry results showed osteoclast number (N.Oc/B.Pm), osteoblast surface (Ob. S/BS) and bone marrow fat area fraction in each group. (\**p* \< 0.05, \*\**p* \< 0.01; a: *p* \< 0.05, aa: *p* \< 0.01 for Mg factor; bb: *p* \< 0.01 for VC factor; two-way ANOVA; n = 6). (C) bone formation marker PINP and (D) bone resorption marker CTX (\**p* \< 0.05, \*\**p* \< 0.01, two-way ANOVA; n = 6). (E) Representative 3D images of micro-CT based trabecular bone of proximal tibia at 6 weeks after SAON induction. (B) Quantitative analysis of the bone mineral density (BMD), bone volume fraction (BV/TV), connective density (Conn. D.), trabecular number (Tb. N), trabecular thickness (Tb. Th) and the structure model index (SMI) in each group. (\**p* \< 0.05, \*\**p* \< 0.01; a: *p* \< 0.05 for Mg factor; bb: *p* \< 0.01 for VC, two-way ANOVA; n = 8).Fig. 5

3.9. VC promotes the potential of osteoblastogenesis of MSCs, and Mg decreases the potential of osteoclastogenesis of BMMs {#sec3.9}
--------------------------------------------------------------------------------------------------------------------------

The bone marrow MSCs of rats from every group at week 2 were cultured *ex vivo*, and then differentiated in osteogenic induction medium. Results showed that the potential of osteogenic differentiation in SAON group was significantly lower than normal. VC could significantly elevate the potential of osteogenic differentiation ([Fig. 6](#fig6){ref-type="fig"} A).Fig. 6*Ex vivo* cell culture. (A) The Bone marrow MSCs of rats at 2 weeks after SAON induction from every group were cultured *ex vivo*, and then differentiated in osteogenic induction medium. Representative images of Alizarin red staining and qPCR of ALP and COL I A1 showed the potential of osteogenic differentiation of MSCs in each group. (B) The bone marrow macrophages of rats 2 weeks after SAON induction from every group were cultured *ex vivo* and differentiated in osteoclastic induction medium. Quantitative analysis of TRAP staining images about osteoclast number and size and qPCR of Cathepsin K expression showed the osteoclast differentiation potential of BMMs in each group (\**p* \< 0.05, \*\**p* \< 0.01, vs. SAON; \#: *p* \< 0.05, vs. VC, n = 4).Fig. 6

The bone marrow macrophages (BMMs) of rats from every group at week 2 were cultured *ex vivo*, and then differentiated in osteoclastic induction medium. Results showed that the osteoclast number in SAON group was significantly higher than normal, while the osteoclast size of SAON group was significantly smaller than normal. VC supplementation could significantly enlarge the osteoclast size and total Cathepsin K mRNA expression, while Mg supplementation could decrease the osteoclast number and total Cathepsin K expression combined with VC when compared with VC group ([Fig. 6](#fig6){ref-type="fig"}B).

3.10. Mg promotes angiogenesis and prevents vessel leakages {#sec3.10}
-----------------------------------------------------------

Vessel architecture in proximal tibia and distal tibia in each group was analyzed by Microfil perfusion and micro-CT scan. Histogram showed that in proximal tibia, the medium-sized (100--200 μm) blood vessels in SAON group were significantly less compared to normal group; Mg could significantly increase the medium-sized blood vessels when compared to SAON group. In distal tibia, the small-sized (\<100 μm) leakage particle proportion of SAON group was significantly larger than that of normal group; and Mg could significantly decrease the proportion of small-sized leakage particles ([Fig. 7](#fig7){ref-type="fig"} A). For *in vitro* angiogenesis, scratch-wound healing assay showed that Mg could promote endothelial cell migration in a dose-dependent manner, and the 10 mM concentration of Mg ion had the most promotive effect. Then the 10 mM concentration of Mg ion was tested for the tube formation experiment, and it showed the significant promotion effect ([Fig. 7](#fig7){ref-type="fig"}B and C). Transwell permeability assay showed that when treated with LPS, the HUVEC monolayer showed significantly increased leakage for FITC-dextran. Mg supplementation could reduce HUVEC monolayer leakage induced by LPS ([Fig. 7](#fig7){ref-type="fig"}D). Co-staining of ZO-1 and NF-κB p65 showed that in the control group, the HUVEC monolayer displayed a cobblestone pattern of the ZO-1 tight junction, and p65 were mainly stayed at cytoplasm. When treated with LPS, some ZO-1 proteins left apart from cell-cell junction and accumulated into nucleus, and the p65 of the same cells were coincidentally activated into nucleus. Mg supplementation protected the ZO-1 cell-cell tight junction and inhibited the p65 activation induced by LPS ([Fig. 7](#fig7){ref-type="fig"}E).Fig. 7Mg promotes angiogenesis and reduces vessel leakage. (A) Representative 3D images of micro-CT based vessel architecture and CD31 IHC staining images in proximal tibia and distal tibia 2 weeks after SAON induction in each group. Histogram showed the subtotal volume of the small (\<100 μm), medium (100--200 μm) and large-sized (\>200 μm) blood vessels/perfused microfil in each group in proximal (above) and distal tibia (below) (\**p* \< 0.05, \*\**p* \< 0.01, n = 4). (B) Effect of Mg on endothelial cell migration. (C) Effect of Mg on endothelial cell tube formation. (\**p* \< 0.05, \*\**p* \< 0.01, n = 4) (D) Transwell permeability assay showed the effect of Mg on endothelial cell leakage induced by LPS. (E) Co-IF-staining of ZO-1 and NF-κB p65 showed the coincidental effects of Mg on protecting the integrity of endothelial cell monolayer (showed by ZO-1 staining) and reducing the inflammation (showed by NF-κB p65 staining) induced by LPS. (\**p* \< 0.05, \*\**p* \< 0.01, n = 4).Fig. 7

3.11. Mg and VC have anti-inflammation, anti-oxidative and anabolic effects *in vivo* {#sec3.11}
-------------------------------------------------------------------------------------

IHC staining showed significantly higher TNFα locally in bone marrow of SAON group than normal at both week 2 and week 6 after SAON induction, and significantly lower TNFα in Mg/VC/combine group than SAON at both week 2 and week 6 after SAON induction ([Fig. 8](#fig8){ref-type="fig"} A). ELISA test showed significantly higher serum TNFα level in SAON group, and Mg could significantly decrease the systemic TNFα level at both week 2 and week 6 after SAON induction ([Fig. S3](#appsec1){ref-type="sec"}).Fig. 8*In vivo* anti-inflammation, anti-oxidative and anabolic effect and pathways of Mg & VC in preventing SAON. (A) Representative IHC staining images and quantification for TNFα expression in bone marrow. (B) Representative IHC staining images and quantification for 8-Oxo-dG expression in bone marrow. (C) Representative IHC staining images and quantification for IGF-1 expression in bone marrow. (\**p* \< 0.05, \*\**p* \< 0.01, n = 6).Fig. 8

IHC staining for the DNA oxidative damage marker 8-Hydroxy-2′-deoxyguanosine (8-oxo-dG) showed that oxidative DNA damage in bone marrow in SAON group was significantly higher than normal at both week 2 and week 6 after SAON induction. Both Mg and VC could decrease the oxidative DNA damage in bone marrow ([Fig. 8](#fig8){ref-type="fig"}B).

IHC staining showed that the IGF-1 expression in bone marrow was not obviously changed at week 2 among groups. At week 6 after SAON induction, the IGF-1 expression was significantly lower in bone marrow in SAON group when compared to normal control group, while the IGF-1 expression was significantly higher in Mg/VC/combine group when compared to SAON control group ([Fig. 8](#fig8){ref-type="fig"}C).

4. Discussion {#sec4}
=============

The present study demonstrated that supplementation of Magnesium (Mg) and vitamin C (VC) could synergistically alleviate SAON in rats, as supported by the evidence that the incidence of SAON and the ratio of apoptosis of osteocytes in the Mg and VC combination treatment group were both the lowest in all the SAON treated groups at week 2 after SAON induction.

Mg is the fourth abundant element in the body, and the second abundant in the intracellular compartment. It is a co-factor in more than 300 enzymatic reactions involving in energy metabolism and protein and nucleic acid synthesis. Mg also plays an important role in the development of bone and bone metabolism \[[@bib43]\]. There is association between low Mg and osteoporosis \[[@bib44]\]. There is also association between hypomagnesemia and CS therapy \[[@bib45]\], consistent with our clinical data showing lower serum Mg level in SAON patients being treated with CS. The normal adult reference value for serum Mg may vary slightly among different laboratories. A large cross-sectional study in Germany identified hypomagnesaemia if serum Mg levels \<0.76 mmol/L; and subclinical Mg deficiency, based on serum Mg levels \<0.80 mmol/L, is a crisis for many metabolic diseases \[[@bib46]\]. Our data suggested that CS treatment could induce Mg deficiency, and the lower serum Mg level was associated with the duration of CS therapy. It is a limitation in our clinical data analysis that all serum data are from ON patients and normal serum Mg level from ON patients without CS treatment was used as reference for the current study instead of using our own normal health control. In the current SAON rat model, results showed significantly lower serum Mg in SAON group at both week 2 and week 6 when compared to normal group, and Mg supplementation elevated the serum Mg level to normal level, which is a novel finding of the current study, suggesting potential clinical significance. There are multifactorial causes of Mg deficiency in patients with CS treatment, including disease determined, low Mg intake, and increased urinary loss of Mg which is a side-effect of CS therapy \[[@bib16],[@bib45]\].

Hypomagnesemia is associated with CS induced metabolic disorder and SAON development. CS treatment could induce insulin resistance by decreasing the activity of osteoblast and decease the secretion of osteocalcin from osteoblast \[[@bib12],[@bib47]\] as osteocalcin positively regulate insulin sensitivity \[[@bib48]\]. Evidence suggested that insulin resistance caused hypomagnesemia mainly due to renal Mg wasting, and Mg deficiency further aggravated insulin resistance \[[@bib49]\] as Mg is important for maintaining the affinity of the insulin receptor tyrosine kinase for ATP \[[@bib50]\]. Osteocalcin can stimulate angiogenesis \[[@bib51]\] while insulin resistance impaired angiogenesis \[[@bib52]\] so as the blood flow resulting in hypoxia and consequently SAON. For lipid metabolism, insulin resistance could impair lipoprotein transportation and increase visceral fat and plasminogen activator inhibitor 1 (PAI-1) \[[@bib53]\], thus resulting in hypercoagulation and hypofibrinolysis. The increased thrombosis and blood pressure reduce blood flow \[[@bib54]\], contributing to the development of SAON as well. Clinically, hypomagnesemia is positively associated with metabolically obese normal weight phenotypes, e.g., hyperglycemia, hypertriglyceridemia, insulin resistance in the non-obese individuals \[[@bib55]\], and Mg supplementation improves insulin sensitivity in non-diabetic cases to benefit their body metabolism \[[@bib56]\].

Inflammation could stimulate ON. Experimentally, LPS plus CS treatment induced higher SAON incidence than CS treatment only \[[@bib57]\]. Clinically, systemic inflammation diseases such as SLE is known with higher incidence of SAON \[[@bib10]\]. Of note, LPS treatment alone could also induce ON \[[@bib58]\], and inflammatory diseases could develop ON even without CS treatment \[[@bib59]\]. It was reported that Mg supplementation had anti-inflammatory effect clinically \[[@bib60]\], and experimentally *in vivo* and *in vitro* \[[@bib61]\]. Inflammation could decrease osteoblastic bone formation, increase apoptosis of osteoblast and osteocytes, and increase osteoclastic bone resorption \[[@bib62]\] to deteriorate the repair progress of SAON. Furthermore, inflammation could increase the permeability of endothelia cells to increase the leakage of blood vessels and edema and pain within the lesions \[[@bib63]\]. Our *in vivo* results suggested that Mg supplementation could decrease the apoptosis of osteocytes, increase the osteoblast surface and decrease the osteoclast number, decrease the small-sized blood leakage in yellow bone marrow region, which were associated with its anti-inflammatory effect locally and systemically. Our *in vitro* results indicated that Mg could promote osteoblast differentiation under LPS treatment through anti NF-κB regulated inflammation pathway. It was reported that NF-κB inhibitor could abrogate osteoclast formation \[[@bib64]\], consistently our study showed that Mg could inhibit osteoclast differentiation *in vivo* and *in vitro*. Our *in vitro* results suggested that both LPS and RANKL induced osteoclast differentiation through NF-κB signaling pathway, and Mg could inhibit osteoclast differentiation and function through suppressing NF-κB signaling pathway. Our results also suggested that Mg could reduce endothelial cell leakage induced by LPS *in vitro* through suppressing NF-κB signaling pathway. It was reported that Ca ions influx was necessary for NF-κB activation and translocation to nuclear in both macrophages \[[@bib65]\] and endothelial cells \[[@bib66]\]. Influx of extracellular Ca^2+^ via TRPV4/5 (Transient receptor potential cation channel subfamily V members) channels in cell membrane was also necessary in RANKL induced osteoclast differentiation \[[@bib67],[@bib68]\]. Our results showed that both LPS and RANKL could induce Ca^2+^ influx which could be blocked by Mg supplementation, suggesting that Mg could suppressing NF-κB signaling pathway through inhibiting extracellular Ca^2+^ influx, which was the potential underlining mechanisms of the effect of Mg on anti-inflammation and inhibiting osteoclast differentiation induced by the two kinds of inducers LPS and RANKL and then attenuating SAON in the current study ([Fig. 3](#fig3){ref-type="fig"}C).

CS has anti-anabolic effects, demonstrating with reduced bone and mineral metabolism, and anti-angiogenesis effect \[[@bib69]\]. In contrast, Mg has anabolic effect as Mg ions is involved in ATP synthesis in the mitochondria to regulate energy metabolism and intracellular protein synthesis \[[@bib70]\]. Our *in vitro* study showed that Mg could increase IGF-1 expression in osteoblast cell line under MPS treatment. Consistently, our *in vivo* study also showed that Mg/VC could increase IGF-1 expression in bone marrow 6 weeks after SAON induction. Acute injury might induce local IGF-1 expression related from inflammation to reparation \[[@bib71]\], so the IGF-1 expression in bone marrow region in SAON group was not found decreased at week 2. IGF-1 expression was reported inversely associated with malnutrition and osteoporosis \[[@bib72]\] and bone marrow fat clinically \[[@bib73]\], which were consistently with our *in vivo* IHC results at week 6 after SAON induction. IGF-1 is an anabolic hormone inversely related to inflammatory markers (i.e., TNF-α) and oxidative stress \[[@bib74]\]. IGF-1 can promote osteoblast cell growth and differentiation through mitochondrial energy metabolism pathways to stimulate bone formation \[[@bib75]\]. Also, IGF-1 can stimulate angiogenesis \[[@bib76]\]. Clinical evidence showed that the Mg level was strongly and independently associated with total IGF-1 level in the elderly \[[@bib77]\]. Previous study showed that Mg supplementation could significantly increase IGF-1 level in Mg-deficient rats \[[@bib78]\]. Therefore, the anabolic effect of Mg through increasing IGF-1 signaling pathway could have beneficial effect to antagonize the side-effect of CS treatment and then attenuate the development of SAON.

Compared with the effects of Mg supplementation, VC had more significant effect on promoting osteoblast differentiation, evidenced by osteoblast surface, serum bone formation marker (PINP) and *ex vivo* osteogenic differentiation of BMSCs. In our *in vitro* study, the effect of Mg on osteoblast was controversial, because different cell culture conditions could lead to different results. Our study showed that Mg promoted osteoblast differentiation in the MPS/LPS inhibition condition due to its anabolic effect through promoting IGF-1 pathway and anti-inflammation effect through inhibiting NF-κB pathway. Our results showed that 10  mM Mg in cell culture medium could promote early stage of osteoblast differentiation while inhibit late stage mineralization ([Fig. S4](#appsec1){ref-type="sec"}). For the mineralization, calcium deposition in the extracellular matrix (ECM) was from intracellular calcium-containing vesicles transported to the ECM \[[@bib79]\]. High Mg could inhibit calcium resorption by osteoblast to inhibit mineralization. In order to show the promoting effect, 10  mM Mg was supplemented at early stage of osteoblast differentiation before mineralization in the present study. When β-glycerophosphate was added to induce mineralization at late stage of osteoblast differentiation, no more high concentration of Mg was added in the cell culture medium. Using Mg free DMEM medium (SH30262.01, HYCLONE, USA), we found that when the Mg was supplemented at whole osteoblast differentiation processing, the best mineralization was from 0.8  mM Mg condition (normal concentration), which matched with the *in vivo* study that Mg supplementation could promote osteoblast in MPS/LPS induced lower Mg condition. Osteoblast differentiation includes three stages: BMSC to preosteoblast, osteoblast maturation and mineralization. The *ex vivo* cell culture of BMSCs in same osteogenic cell culture medium reflects the different osteogenic differentiation potentials of BMSCs to preosteoblasts among groups of rats. Our results suggested that VC could promote the potential of osteogenesis of BMSCs, the first stage of osteoblast differentiation, while Mg showed no significant effect at this stage, although Mg showed significant effect in promoting osteogenesis on osteoblast maturation at later stage, evidenced by *in vivo* histomorphometry of osteoblast surface and *in vitro* osteoblast differentiation. The results of quantification of osteoclast number in *ex vivo* cell culture and *in vivo* histomorphometry were consistent in the same trend that VC did not increase osteoclast number. The inconsistence was osteoclast activity showed by TRAP staining of *ex vivo* cell culture and *in vivo* histology. The inconsistence is because of the different osteoclast differentiation conditions between *ex vivo* and *in vivo*. For the *ex vivo* cell culture, the BMMs of rats from each group were cultured in the same osteoclast differentiation medium, the results just showed the potential of osteoclastogenesis of BMMs. While for the *in vivo* condition, early studies reported that the osteoclast differentiation was affected by many factors, e.g., inflammation and oxidative injury could induce osteoclast differentiation \[[@bib80],[@bib81]\]. Refer to our *in vivo* IHC staining results, VC had anti-inflammation and anti-oxidative effects, suggesting that VC could inhibit the differentiation of osteoclast *in vivo* through its anti-inflammation and anti-oxidative pathways. However, VC had less significant effect on osteoclast number than Mg and had no effect on bone marrow fat area fraction, blood perfusion in red bone marrow region and blood leakage in yellow bone marrow region, while Mg showed significant effects. Our *in vitro* results showed that VC was essential for osteoblast differentiation, which was consistent with previous study \[[@bib23]\]. VC deficiency could induce osteoporosis and higher VC intake leaded to higher BMD \[[@bib23]\]. Our micro-CT results demonstrated that after VC supplementation for 6 weeks, the BMD and trabecular architecture were significant better than that of the SAON controls, while Mg supplementation could only increase BMD without improving trabecular architecture, suggesting that VC might improve the repair of SAON better than Mg alone at bone quality level. However, Mg ions had more significant effect on regulating metabolism, such as decreasing osteoclast differentiation and bone marrow fat, improving marrow blood perfusion and decreasing vessel leakage found in the present study, which could be explained as the main causes of destructive repair in SAON \[[@bib82]\]. SAON is a disordered metabolism disease that involves disorder of different tissues' regulation, such as bone, fat and blood vessel, so combination of Mg and VC exerted the best on attenuate SAON that would suggest the ideal application potential for Mg-based implants to treat SAON in hip-preserving surgery.

The DNA oxidative injury was evaluated by IHC staining of 8-oxo-dG. Our results showed that both Mg and VC supplementation reduced the oxidative stress in bone marrow of SAON induced rats. It was reported that Mg deficiency was associated with oxidative stress in aging and vascular diseases, and the oxidative reactions were contributed by the pro-inflammatory response induced by Mg deficiency \[[@bib83]\], so Mg reduces oxidative stress through its anti-inflammation effect indirectly. VC is a physiological antioxidant of outstanding functions for protection against diseases and degenerative processes caused by oxidant stress. VC reduces oxidative stress directly through donating its electrons in the antioxidant reactions to prevent other compounds from being oxidized, and many *in vitro* experiments showed the antioxidant actions of VC \[[@bib84]\].

The aim of using biomaterials in early stage of osteonecrosis in hip-preserving surgery is to preserve the function of hip joint without joint-replacement surgery, so it is important to prevent the collapse of femoral head due to activated osteoclastic bone resorption around necrotic lesions. Our study current shows that Mg is more efficient in inhibiting osteoclast differentiation. As we designed, VC works quite well in promoting new bone formation, and there is no necrotic bone at week 6, which also suggests higher bone turnover rate in VC treated groups, while suppression of bone turnover is a therapy strategy to prevent collapse in SAON \[[@bib85]\]. The highly mineralized necrotic bone could also maintain mechanical properties in favor of preventing collapse, so the persist presence of necrotic lesions in Mg supplemented groups at week 6 due to the inhibited bone resorption suggests that Mg is not a factor associated with increase of bone turnover. In terms of combined use of Mg (for the inhibiting bone resorption effect) and VC (for the promoting bone formation effect) promote the repair of SAON, the result could be regarded as the additive effect of Mg and VC. For regulating the disordered metabolism to attenuate SAON, our study suggests that Mg has anti-inflammation effect and VC has anti-oxidative effect underlying the effective SAON prevention. Experimental evidence of others showed that inflammation and oxidative stress could reinforce each other \[[@bib86],[@bib87]\]. As anti-inflammatory treatment and anti-oxidative treatment have synergistic effects \[[@bib88]\], we conclude that there is synergistic interaction between VC (anti-oxidative) and Mg (anti-inflammation).

We use MgCl~2~ in our *in vitro* study. In the mechanism study NMDG (*N*-methyl-[d]{.smallcaps}-glucamine) chloride is used as chloride control to show that Mg ions but not chloride have anti inflammation effect through inhibiting calcium influx. Study of others using both MgCl~2~ and MgSO~4~ showed that there was no different effect between the two kinds of Mg ions on osteoblast \[[@bib89]\]. Other *in vivo* studies also showed that both MgCl~2~ \[[@bib90]\] and MgSO~4~ \[[@bib91]\] have the same anti-osteoarthritic effect. The special situation for different Mg sources is brain Mg that the Mg supplementation should go through blood-brain barrier to brain. Magnesium-[l]{.smallcaps}-threonate (MgT) is a better Mg source to elevate brain Mg \[[@bib92]\]. For our current study Mg ions could directly reach bone cells from serum, so we focus on the Mg ions' effect and mechanism although it would be more precise to compare two different Mg ions.

In summary, CS has anti-anabolic effect to negative regulate bone formation and angiogenesis. LPS induced inflammation (mimic inflammatory diseases) decreases bone formation and increases apoptosis and bone resorption; and increases vessel permeability and leakage. Both bone event (bone matrix degeneration) and vessel event (ischemia) induce SAON. CS also induces oxidative stress, which will promote cell death to induce SAON. There is a mutual activation loop among anti-anabolic, inflammation and oxidative stress \[[@bib74]\]. CS treatment could induce lower Mg. Mg supplementation increases the serum Mg level to normal level. Mg has anti-inflammatory effect and anabolic effect (e.g. through IGF-1 pathway). VC is an antioxidant and could induce osteogenesis. The combination of Mg and VC exerts synergistic effect for attenuating SAON ([Scheme 1](#sch1){ref-type="fig"} ).Scheme 1Illustration of the pathway of Mg and VC in attenuating SAON. CS has its anti-anabolic effect: to negative regulate bone formation and increase apoptosis in bone; and negative regulate angiogenesis. LPS induced inflammation, mimic inflammatory diseases, decreases bone formation and increases apoptosis and bone resorption in bone event; and increases vessel permeability and leakage. Both bone matrix degeneration and ischemia induce SAON. CS also induces oxidative stress, which promotes cell death. There is a mutual activation loop among anti-anabolic, inflammation and oxidative stress. CS treatment could induce Mg deficiency. Mg deficiency is associated with inflammation, oxidative stress, and anabolic defect. Mg supplementation can maintain the serum Mg level at physiological range. Mg has anti-inflammatory effect and anabolic effect (e.g. through IGF-1 pathway). VC is an antioxidant and can induce osteogenesis. The combination of Mg and VC exerts synergistic effect for attenuating SAON.Scheme 1

Nowadays, more and more biodegradable Mg materials are used to treat SAON clinically and preclinically \[[@bib5],[@bib93]\]. Clinical trial using Mg screw to treat patients with osteonecrosis at femoral head (ONFH) showed that Mg screw improved the fixation of vascularized bone graft at femoral head in ONFH patients. The healing quality was not only assessed by Harris Hip Score (HHS), but also quantitatively evaluated by the displacement of the bone flap. Besides, BMD was found higher around Mg screw and at the fusion region of bone graft with local bone compared to control \[[@bib5]\]. Our study supported that besides the mechanical fixation, Mg ions release from Mg crew had its bioactive function for improving of the repair of osteonecrotic lesions. The Mg ion releasing from the biodegradable materials can facilitate the benefit effect to attenuate the side-effect of CS in SAON patients. It is highly encouraged to develop biomaterials releasing Mg and VC that can annulate SAON and promote the repair of SAON in future study. Femoral neck fracture is one of the causes of trauma induced femoral head necrosis due to fracture nonunion \[[@bib94]\]. Since Mg could improve bone fracture healing \[[@bib95]\], Mg-based internal fixation implant with its degradation and Mg ions release for femoral neck fracture repair has great potential to increase the cortical bone formation in fracture repair enhancement as well as to prevent avascular necrosis suggested by the findings demonstrated by the current experimental study.

In conclusion, the present study demonstrated that Mg and VC supplementation could synergistically attenuate the side-effect of CS treatment and SAON and promote the repair of SAON in a rat model. Our preclinical study lays down a scientific foundation for facilitating combinable supplementation of Mg and VC using biomaterials releasing Mg and VC as potential application for SAON patients. The current research findings may also share the lights on the potential underlying mechanism associated with beneficial effects in skeletal regeneration of using biodegradable Mg-based implants for orthopaedic applications.
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